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Time-Resolved Resonance Raman and Density Functional Study of the Radical Cation of
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We present a resonance Raman spectrum of the radical cation of promazine. Density functional theory
computations were used to find the structures, hyperfine coupling constants (hfcc’s), spin densities, and
vibrational frequencies for the ground electronic states of the neutral promazine molecule and its radical
cation. Preliminary assignments for all of the observed Raman bands for the neutral promazine molecule and
its radical cation are given. The density functional theory computed optimized structures shaystae$s

of the neutral molecule (with a dihedral angle of 14Y.and its radical cation (with a dihedral angle of
172.13) are both nonplanar. The DFT-computed spin densities suggest the radical cation of promazine has
significantly more spin density on nitrogen compared to sulfur, while the sulfur has a greater spin density
than nitrogen in the radical cation of phenothiazine. The calculated HOMO and LUMO electron densities
display noticeable differences in both the central ring and the side chain upon excitation. This appears consistent
with the promazine radical cation experimental resonance Raman intensities.

Introduction at the receptor site, and this depends on the particular side chain

Phenothiazine derivatives with akaminopropyl side chain substituen_t of the phenqthi_azine d_erivative; results of sgveral
and/or a variety of ring substituents such as promazine andEPR Studies support this idé&’? Time-resolved absorption.
chloropromazine have been attractive subjects for researchSPECTOSCOPY experiments for promazine and chlorpromazine
because of their applications as neuroleptic agents andfound that the r§d|cal cation is formed via a direct photoion-
tranquilizerst—4 Phenothiazine and its derivatives are also of Zation mechanism (mostly by a two-photon process) and
interest because of their potential use in solar energy appnca_chlorpromaz;ne radical via loss of the chlorine atom from the
tions® Previous studies on phenothiazine, promazine and !fiPlet stater* Because chlorpromazine is about an order of
chloropromazine tranquilizers suggested that these compounddnagnitude more toxic than promazifieand a multiphoton
act as good electron donors and can function as a charge transfePfOCess is not expected under ambient conditions, the photo-
or electron transfer donor at drug receptor sitghis hypothesis ~ réactivity of these compounds was ascribed to the formation of
is consistent with the observation of the formation of charge- the radical by dechlorination of chlorpromazine. Time-resolved
transfer complexes of phenothiazines and its derivatives with a @Psorption and fluorescence investigations of reactions of
variety of acceptor compound$?henothiazine and its deriva-  Phenothiazine and some of its derivatives with chloroalkanes
tives such as promazine can also form relatively stable radical found that an electron transfer or charge transfer interaction
cations. It has been suggested that these radical cations ar@ccurs when the radical cation is presént.
important in the biological function of phenothiazine com- X-ray diffraction work on crystals of phenothiazine and its
pounds® Since phenothiazine drugs are very sensitive to changesderivatives found that the molecular structures are dependent
in molecular structure, it is important to elucidate detailed on the side chain and other substituents attached to the pheno-
information about the geometry and electronic structure of these thiazine moiety*® The neutral phenothiazine molecule is folded
substances in order to better understand how small changes irabout the N-S axis with two planes of the rings having a di-
the molecules can affect the biological activities. hedral angle of 158%and this dihedral angle changes substan-

Photoelectron spectra of phenothiazine and four biologically tially for promazine ¢140() and chlorpromazinex139). Phe-
active derivatives (e.g., promazine, chlorpromazine, thioridazine, nothiazine and its derivatives have been found to open their
and trifluoperazine) were obtained by Houk and co-workers. structures noticeably upon formation of their radical cations.
They found that the first ionization potential is N-centered and The results of photoionization studies suggested the amine part
the second ionization potential is S-centered for all of the of phenothiazine is pyramidal in the neutral ground electronic
compounds. They also found very little variation in the state and planar in the radical cation ground electronic $ate.
ionization potential among the five compounds studied, and this This interpretation is consistent with EPR experiments for the
suggests that there is not a direct relationship between theradical cation of phenothiaziktas well as with our recent ab
ionization potential and the neuroleptic activity in the limited initio DFT calculations and experimental Raman spectra for
series of phenothiazine compounds examitfethe biological phenothiaziné® EPR spectra indicated that the radical cations
activities of phenothiazine compounds appear to be related toof promazine and chlorpromazine are nonplanar and the folding
the ability of the aromatic moiety to form a molecular complex dihedral angle of chlorpromazine radical cation was estimated

to be~169.9.11
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chemical reaction®-2° Takahashi and co-workers have used

nanosecond time-resolved resonance Raman spectroscopy to

study the triplet state and radical cation of phenothiazine and
2-chlorphenothiazin& Their results indicated that the spin
density is localized on the S atom in thgstate. A Raman and
ab initio density functional theory (DFT) study on phenothiazine
and its radical cation found that the neutral phenothiazine in its

ground electronic state has a nonplanar structure with a dihedral

angle~153, while the radical cation has a planar (or nearly
planar) structure with a dihedral angle-®18C°.1 The Raman
spectra and the electronic structure calculati®saggest that
the HOMO of the phenthiazine radical cation istebonding
orbital localized on the S and N atoms and the LUMO electron
density is mainly antibonding*-orbital in charactef?

In this paper, we report a resonance Raman spectrum of the

radical cation of promazine. We have carried out additional FT-

Raman experiments for the ground state of the neutral promazine

molecule and have done ab initio [both Hartdeock (HF) and
density functional theory (DFT)] calculations for both neutral
promazine and its radical cation in their ground electronic states.
The optimized structure, electron spin distribution, and vibra-
tional frequencies of the neutral promazine molecule and its
radical cation were obtained from the ab initio calculations. We
have made preliminary vibrational assignments for the experi-
mental vibrational frequencies observed for promazine and its

radical cation. The structural and vibrational frequency changes

observed upon formation of the radical cation from the neutral

parent molecule are discussed in conjunction with the calculated

electronic structures. We compare our current results for the
radical cations of promazine with previous results for phenothia-
zine and discuss their differing structures and biological ac-
tivities.

Experiment

Pan et al.
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Figure 1. Diagram of the promazine molecule with the carbon and
nitrogen atoms numbered-20.

experiments showed that the promazine radical cation is
promptly formed and has an absorption barslLO nm with a
~100us lifetime® The transient absorption of 510 nm is close

to the 502.9 nm probe excitation wavelength used in our time-
resolved resonance Raman experiments to probe the promazine
radical cation. An investigation of the photoinduced interaction
of phenothiazines with chloroalkanes showed that no exciplex
between the phenothiazines and chloroalkane in polar solvent/
CCl, solvent system¥ The transient resonance Raman spec-
trum of the radical cation of phenothiazine in pure methanol
solvent is almost the same as the spectrum obtained in a
methanol/CCJ mixed solvent syster#?2°In addition, no new
bands such as a-Cl stretch mode (which is readily observed

in the radical cation spectra of 2-chlorophenothiazine and
chlorpromazine) are observed in the transient resonance Raman
spectrum at different delay times for the radical cation spectra
of promazine. Thus, we are reasonably confident that the
observed transient resonance Raman spectra of the radical cation
of promazine reported here does not have any noticeable

The apparatus and methods used to obtain experimentalinterference from any chlorine intermediates.
nanosecond time-resolved resonance Raman spectra have been

previously reported, so we shall just provide a short description
here?1-23 The hydrogen Raman shifted laser lines of the third
harmonic (355 nm) of a nanosecond pulsed Nd:YAG laser
provided the pump (309.1 nm) and probe (502.9 nm) wave-
lengths used for the time-resolved resonance Raman experi

ments. The pump and probe pulses were delayed using a 15 n

optical delay. A near collinear geometry was used to lightly
focus the pump and probe laser beams onto a flowing liquid
sample, and a backscattering geometry was used to collect th

Raman scattered light. The Raman light signal was then imaged

through a depolarizer, and the entrance slits of a double
monochromator (0.22 m from CVI). The gratings of the double

monochromator then dispersed the Raman light signal onto a

CCD detector which collected the signal before reading the
signal out to a PC computer. Approximately-106 readouts

(with 60 x 10 s scans each) were added together to get the
resonance Raman spectrum. The FT-Raman spectra of thenormal

neutral promazine molecule in its ground electronic state were
taken with a commercial FT-Raman spectrometer (Bio-Rad)
using 1064 nm cw excitation.

Calculations

Density functional theory (DFT) calculations were performed
using the Gaussian program suites (G94 was run on an IBM
9076 SP2 computer and G98 was run on a PC comptiter).

We computed the optimized structures, electron spin distribution,

%yperfine splitting constants, and the vibrational frequencies of

promazine and its radical cation. The DFT calculations were
erformed with Bechke’s three-parameter hybrid method using
he Lee-Yang—Parr correlation functional (B3LYPJand the
6-31G* split-valence polarization basis set. The gradients and
vibrational frequencies were found analytically. No imaginary
frequency modes were observed at the optimized structures of

the promazine neutral molecule or its radical cation. Descriptions

of the different vibrational modes were formulated using the
potential energy distributions (PED) found from the program
NMODE?8in conjunction with visual inspection of the animated

mode found using the Molden prografiw/e calculated

the isotopic shifts of the % and N*-substituted promzaine to

help make some tentative vibrational assignments by comparison

to isotopic data previously found for the structurally similar

Promazine and spectroscopic grade methanol and Carbonphenothiazine system. We also carried out Hartfeeck (HF)

tetrachloride were purchased from Aldrich and used to prepare
samples for the Raman experiments. Samples with concentra-

tions of ~6 x 1072 M promazine dissolved in a 10:3 methanol/
CCl, mixed solvent were used in the time-resolved resonance

calculations for the ground state of promazine using the Gaussian
programg* for comparison with the DFT calculation results.

Results and Discussion

Raman experiments. The mixed solvent system helped to quench
the promazine fluorescence and triplet state and made it easier Figure 1 presents a simple schematic of the promazine
to produce the radical cation of promazine. Laser photolysis molecule with the carbon and nitrogen atoms numbereaQl
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TABLE 1: Structural Parameters for the Ground State of TABLE 2: Structural Parameters for the Ground State of
the Neutral Promazine Molecule Calculated Using HF and the Radical Cation of Promazine Calculated Using HF and
DFT Methods with a 6-31G* Basis Set and a Compariosn to DFT Methods with a 6-31G* Basis Set and a Comparison to
Experimental Values Determined by X-ray Diffraction (Bond Experimental Values Determined by X-ray Diffraction for
Lengths in A, Bond Angles in Degrees) Chlorpromazine (Bond Lengths in ﬁv\ Bond Angles in
RHF  DFT/B3LYP  X-ray Degrees)
parameters calcd calcd expt RHF DFT/B3LYP  X-ray

dihedral angle (SN) 145 1471 140 parameters caled caled expt
dihedral (Ge—Ci5s—N—Cy) 84.335 82.167 dihedral angle (SN) 168.5 172.13 169.9
dihedral (G-—Ci1s—Cis—N)  162.295 161.829 dihedral (Ge—Cis—N—C) 89.559 88.612 88.4
dihedral (Go—N1s—Ci17—Cip) 82.501 81.237 dihedral (G7—Ci16—Cis—N) 160.90 155.189 178.3
C;—S—Cg 98.878 99.292 99 dihedral (Go—N1g—C17—Cae) 86.137 84.886 54.5
Co—N—-Cy 120.794 121.681 117 C3—S—Cg 100.19 101.133 99.6
Cs—S 1.769 1.778 1.76 Co—N—Cy 124.08 124.841 123.5
Cg—S 1.770 1.779 1.77 Cs:—S 1.75 1.762 1.776
C,—N 1.408 1.414 1.41 Cs—S 1.75 1.762 1.733
Co—N 1.410 1.416 1.46 C>—N 1.385 1.407 1.391
Cis—N 1.394 1.466 Co—N 1.386 1.407 1.442
C,—C, 1.384 1.407 Cis—N 1.499 1.496 1.459
C—Cs 1.398 1.412 1.377 Ci—C, 1.424 1.422 1.414
C;—C4 1.384 1.395 Co—Cs 1.419 1.421 1.361
Cy—GCs 1.384 1.395 1.39 Cs—Cy 1.400 1.404 1.392
Cs—Cs 1.380 1.391 1.36 Cs—GCs 1.392 1.388 1.385
Cs—Cy 1.386 1.396 Cs—Cs 1.400 1.408 1.358
Ci5—Cas 1.541 1.546 Ce—C, 1.384 1.386 1.360
Ci6—Car 1.531 1.536 Ci5—Cis 1.534 1.545 1.499
Ci17—Nisg 1.456 1.468 Ci16—Car 1.533 1.542 1.527
N1g—Cig 1.449 1.459 Ci17—Na1g 1.455 1.467 1.509
N1g—Czo 1.449 1.46 N1g—Cio 1.456 1.468 1.453
Ci—Hs 1.069 1.081 N1g—Cxo 1.455 1.468 1.453
Cs—Ha 1.075 1.087 Ci—H: 1.067 1.079
Cs—Hs 1.074 1.086 Cs—Ha 1.074 1.084
Cs—He 1.075 1.087 Cs—Hs 1.073 1.083
Co—N—Cys 119.518 118.667 Cs—Hs 1.073 1.084
Co—N—Cys 118.451 117.785 C,—N—Css 118.307 117.89 118.7
C,—Cs—S 119.909 120.414 Co—N—Css 117.595 117.255 117.6
C;—C,—N 120.817 121.188 C,—C3—S 122.994 122.99 125.0
S—C:—Cy 118.852 118.297 C:—C,—N 122.220 122.809 122.6
Co—Ci—H; 120.433 120.281 S—Cs—Cy 116.346 115.782 113.4
C,—C—Cs 117.187 117.047 Co—Ci—H; 120.967 120.365
Co—C—Cy 121.087 121.085 C,—C—Cs 117.869 117.023 117.6
C3—Cs—Hy 118.848 118.710 Co—Cs—Cy 120.076 121.203 121.5
C3—C4—Cs 120.917 120.905 Cs—C4—Ha 118.796 119.180
Csi—Cs—Hs 120.397 120.278 C;—C4—Cs 121.097 120.436 120.5
Cy—Cs—Cs 118.589 118.720 Cs—Cs—Hs 120.073 120.164
Cs—Cs—Hs 120.324 120.434 Csi—Cs—Cs 119.366 119.316 117.3
Cs—Cs—Cy 120.733 120.631 Cs—Cs—Hs 120.385 120.305

2Values are from X-ray diffraction experimental results reported in GGG 120.551 120.722 123.4
ref 12, aValues are from X-ray diffraction expermental results reported in

ref 11.

which corresponds to the numbering of these atoms in Tables

1 and 2. Table 1 presents the structural parameter results foundPhenothiazin® 28 and 140 for promazin€'? This implies the
from the DFT B3LYP/6-31G* and RHF/6-31G* computations degree of folding increases for larger substituents at N-sub-
and Corresponding experimenta| resHilf®r the ground elec- stituted derivatives such as promaZine and chlorpromazine where
tronic state of neutral promazine. The dihedral angles betweenthe steric repulsions of the subsituted side chain forces an
the two lateral rings are 145.2nd 147.1 for the RHF and  additional folding of the ring systeft.Inspection of Table 1
DFT ComputationS, respective]y, but 0n|y P4for the X_ray shows the RHF and DFT calculations generally give similar
experiment on promazine HCI crystafsThis discrepancy  Vvalues for the bond lengths and bond angles of the ground
between the calculated and experimental results is probably dueelectronic state of promazine and show reasonable agreement
to some intermolecular interaction present in the experimental With the corresponding experimental values. Hartieck
values of the maleate salt (e.g., packing of the molecules in themethods are believed to give-&1 bond lengths for closed-
crstalline form may affect the dihedral angle found from the shell molecules that are-0.01 A too shorg® so the DFT-
X_ray experiments on promazine Sa]t)_ None the |ess' both calculated values |Ike|y prOVide better results for thekCbond
experimental and calculated values for the dihedral angle showlengths. Comparison of the CSC and CNC bond angles of Table
that the ground electronic state of promazine is folded along 1 for promazine with those found for phenothiazfhshows

the N—S axis. The introduction of the-(CH,)sN(CHs), side that the introduction of the side chain to phenothiazine at the N
chain at the N atom position of the phenothiazine group to form atom position has little or no effect on these bond angles.

the promazine derivative leads to changes in the values of the Table 2 lists the structural parameters for the radical cation
dihedral angle from 152%2for phenothiazin® to 147 for of promazine determined from UHF and DFT calculations.
promazine (this work) as computed from DFT calculations, and Although Soria and co-workéfsreported a structural investiga-
the X-ray experiments are similar to 158.5 or 153f8r tion of the promazine radical cation by EPR and X-ray
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TABLE 3: Hyperfine Coupling Constants (hfcc's) TABLE 4: Spin Density Dsitributions for the Radical
Calculated Using DFT Methods with a 6-31G* Basis Set and Cations of Phenothiazine (PTH) and Promazine (PRZ)
a Comparison to Experimental Values for Phenothiazine Calculated Using DFT Methods with a 6-31G* Basis Set

(PHT) and Promazine (PRZ) Radical Cations (hfcc’s in

Gauss Units) DFT/B3LYP calcd

DFT/B3LYP calcd exptl parameter PTH PRZ

05 0.2703 0.234

parameter PTH PRZ PTH PR2 o 02577 0.326
a(N) 5.45 9.414 6.34 7.08 pes 0.0215 0.0405
a(BH) ~7.94 3.53 7.29 3.52 i 0.0420 ~0.0074

a(Hy) 0744  —1.388 113 0.92 pes 0.116 0.122

a(Ha) ~0.982 0.942 05 0.4 pes ~0.054 ~0.063

a(Hs) —2.664  —2.837 2.49 1.92 pes 0.105 0.110
a(Ho) ~0.664  —02373 05 0.8 pes 0.0017 —0.0017

a(N)Ya(Hs) 2.060 3.318 2546 3612 pes 0.116 0.127

pco 0.042 0.001

aValues from ref 17 Values from ref 30.

(7.08 G). The calculated hfcc’s values féid (3.53 G) and H

(—1.388 G) are close to the values from ESR experiments (3.53
G and 0.92 G, respectively). We obtained similar agreement in
Table 3 between our ab initio (DFT) calculated values and the

diffraction, they were not able to determine quantitative struc-
tural parameters from this work. However, they were able to
obtain quantitative results for the radical cation of chlorprom-

azine!! The triplet states of promazine and chlorpromazine gp experimental values reported by Soria and co-wotkers
behave very d'“erer_‘“Y In various sqlveﬁ?sbut these COM-  for the phenothiaine radical cation. We note that the ratios of
pounds have very similar structures in the neutral and radical e o (\)/o(Hs) calculated values for phenothiazine radical cation
cations differing only in the chlorine atom. In the absence of (2.060) and promazine radical cations (3.318) are in good
quantitative structural information for the radical cation of agreement with the experimental values of 2.546 and 3.612,
pro_mazine, we compare the resm_JIt_s_ available for the r_adical respectively. Clarke and co-work&texamined the conforma-
cation of chlorpromazirféto our ab initio results for the radical  ional behavior of N-substituted phenothiazine radical cations
cation of promazine in Table 2. We note that there is probably it ejectron paramagnetic spectroscopy (EPR) and concluded
some perturbation of the radical cation of promazine by the yhe gybstituent effect is mostly a through-bond inductive effect
chlorine atom in c_hlorpromazme, but we expect that their 5.4 thea(N)/o(H5) ratio may be interpreted in terms of the
structures are similar to one another. The UHF and DFT 44 angle of the radicals in repsonse to the substituent ¥pe.
calculations for promazine radical cation in Table 2 show that The relative value of thisx(N)/o(Hs) ratio for side chains
the dihedral angle is 168.3UHF) and 172.1(DFT) and these  ayached with primary or secondary carbons is consistent with
values are close to the chlorpromazine value of °¥69  yhe steric requirements of these types of substituents (e.g., the
Comparison of the results of Tables 1 and 2 indicate that the 116 hindered the aminum center the greater the fold induced
folding about the N-S axis increases with oxidation. The DFT i, the heterocycle). Thus, the combination of the DFT-calculated
calculation results for promazine and its radical cation given in optimized structure and hfcc’s for the promazine radical cation
Tables 1 and 2 show that the dihedral angle increases in valugngicate that it has a nonplanar ground electronic state.
from 147 for promazine to 172°1in the promazine radical Each hfcc is directly proportional to spin density at the
cation. It is interesting to note that the promazine radical cation hydrogen nucleu® In Table 4, we present the spin densities
is nonplanar but the phenothiazine radical cation is pl&har. on the carbon, sulfur, and nitrogen atoms of the promazine and
We also note that the qualitative results of an electron spin phenothiazine radical cations derived using Mulliken population
resonance (ESR) study found that the promazine radical cationgnalysis with DFT (B3LYP) results. Due to the particular way
is likely nonplanar? The ESR investigation$'*®suggestthat ot dividing spin density shared between atoms, Mulliken
oxidation affects the folding dihedral angle in two ways: a dlre_ct population analysis gives atomic charges and spin densities that
increase in the angle in both radical cations of phenothiazine 5, noticeably dependent on the particular basis set and
and promazine due to the change in heteroatom hybridation andcomputational method usédHowever, calculated spin densities
an indirect increase due to the decrease of the steric repulsiongoy the radical cations of promazine and phenothiazine in Table
(absent in the radical cation of phenothiazine). When the 4 show interesting qualitative features. The largest spin density
repulsions are relaxed by oxidation (e.g., formation of the radical j5 found at N (0.326) for promazine and at S (0.2703) for
cation from the neutral molecule), a larger uniformity of folding  phenothiazine. It is interesting to note that the spin density at S
angles occurs. (0.234) is a factor of 1.4 times smaller than the spin density at
Table 3 compares ab initio calculated proton hyperfine N. In addition, the values of the spin densities at(Q.122)
coupling constants (hfcc’s) with their corresponding experi- and G (0.127) are larger than those of the other carbon atoms.
mental values for both phenothiazine and promazine radical This is consistent with EPR experimental results that suggest
cations. Since UHF and UMP2 ab initio methods are known to the side chain effect of promazine shows strong preferences for
be deficient in calculating hfcc’s and spin densities due to severe particular conformations along the-® bond. Our DFT-
spin contamination of the ground state wave functfone have calculated &S and G-N bond lengths (1.762 and 1.407 A,
only used the hybrid HF/DF (B3LYP) calculations to compare respectively) are noticeably shorter than corresponding DFT
to the experimental values. Several studies on other organicresults for the neutral promazine molecule (1.778 and 1.416 A,
radicals have shown that gradient-corrected BP86, BLYP, and respectively). Similarly, the CSC and CNC bond angles increase
hybrid HF/DF B3LYP methods give calculated hfcc’s close to significantly in the radical cation (101.13and 124.83,
the values obtained from experimental ESR resiits Our respectively) compared to the neutral promzaine molecule
DFT (B3LYP) results in Table 3 for the radical cation of (99.2% and 121.68, respectively).
promazine show a proton hfcc value for N of 9.414 G whichis  Figure 2A presents the FT-Raman spectrum of promazine in
in reasonable agreement with the experimental value(i) its ground electronic state, and Table 5 compares experimental
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(CHz wag) and 1484 cmt (CH3; sym def) vibrational modes,
while the bands at 1385 and 1341 chare assigned to CH
twist modes and the 1298 crhband is assigned to the GH
twist + C—H bend mode at 1301 cmh. The G-N-C
symmetric stretch mode with a DFT-calculated frequency of
1283 cnrl is assigned to the experimental 1252 ¢nRaman
band based on comparison to the analogous mode in phenothi-
aziné® and chlorpromazin& The C-S—C symmetric stretch
symmetric vibrational mode (DFT-calculated frequency of 1127
cmY) is assigned to the experimental band at 1107 ciwe

note that the DFT/B3LYP-calculated isotopic shifts upda
and®®N substitutions for the €S—C and CG-N—C symmetric
stretch modes are very similar to the experimental isotopic shifts
observed for the corresponding modes in the phenothiazine
molecule (as reported by Takahashi and co-wofRerghe band

at 1038 cmt is assigned to either the ring breathing or ks
stretch modes (DFT values at 1074 and 1062 {mespec-

Figure 2. (A) FT-Raman spectrum obtained for neutral promazine tively). The bands at 415 and 438 chnare assigned to the

molecule in the solution phase. The spectrum has been solvent andC
t

background subtracted. The asterisk marks a solvent subtraction artifac

N10C wag and CSC bend vibrational modes, respectively. The
experimental 673 cm Raman band is assigned to the 8

and the larger Raman bands are labeled with the value of their Raman i i .
shift in cnT. (B) Time-resolved resonance Raman spectrum of the bend or the CCC bend vibrational modes. The DFT calculation

radical cation of pomazine in the solution phase. The spectrum hasresults and their correspondence to the experimental Raman
been solvent and background subtracted, and the larger Raman bandpands were used to make preliminary assignments (shown in

are marked with their Raman shift wavenumber.

Raman vibrational frequencies with the RHF and DFT/B3LYP
calculated vibrational frequencies (only Raman-active vibrational

frequencies are given) for promazine. Table 5 also shows the

DFT/B3LYP calculated isotopic shifts for 38 and N°-
substituted promazine derivatives. The RHF-calculated vibra-
tional frequencies have been uniformly scaled by 0.893 in Table
5 and appear reasonably close to experimental vibrational
frequencies for the low-frequency modes and the higher
frequency ring G-C modes but do not agree very well for most
other higher frequency modes. In contrast, the DFT/B3LYP-

calculated vibrational frequencies do not need any scaling and

exhibit reasonable agreement with most of the experimental
vibrational frequencies. Similar results have been observed in
comparisons of HF and DFT ab initio computations for other
organic molecular systeni&36 The DFT calculations include
electron correlation effects and would be expected to give more

accurate vibrational frequencies. One can use scaling factors

for DFT-calculated vibrational frequencies to modestly improve

the agreement with experimental values, although the scaling

factors typically usetl-*® are close to one. This suggests that

one may achieve reasonable agreement between the calculate

DFT values and experimental frequencies without scaling, as
shown here and for several other medium-sized organic mo-
lecular system$?36 Similar DFT investigations of aromatic
organic molecules showed that the ring-C stretch and €H
stretch calculated frequencies scaledN®/97—0.98 gave better
agreement with the experimental values for these m&t@sr
results also exhibit a similar larger discrepancy between the

Table 5) for the other experimentally observed Raman bands.
Figure 3 shows the DFT-calculated internal coordinate contribu-
tions to each of the normal modes tentatively assigned to the
experimentally observed Raman bands for the neutral promazine
molecule. We note some caveats about our preliminary vibra-
tional assignments for the promazine molecule. For medium
sized molecules, such as promazine, it is difficult to unambigu-
ously assign some vibrational modes using DFT computations
when several different modes have calculated frequencies within
a range smaller than the typical error limits of the computation
and the uncertainties of the experiments. For example, it is not
clear whether the experimental 673 chRaman band should

be assigned to the DFT-calculated ® bend frequency of
658 cnT! or the CCC bend frequency of 693 chHowever,

the 15N;¢-substituted promazine Raman band would allow us
to clearly make the assignment since thegNoend frequency
shifts by 5 cni® but the CCC bend frequency stays the same.
This illustrates the utility of using isotopic vibrational band
frequency shifts to help improve the vibrational assignments in
medium-sized molecules such as promazine. We are not
equipped to make thé*S and 15N isotopic derivatives of
gromazine in our laboratory, but we have listed the DFT-
calculated isotopic shifts expected for the different promazine
normal modes in Table 5. These calculated isotopic shifts can
be compared to corresponding experimental data when they
become available to improve our preliminary vibrational as-
signments for the promazine molecule (and the radical cation
of promazine). Since our vibrational assignments for promazine
are generally consistent with those previously made for the

DFT-calculated frequencies and the experimental values for theStructurally similar phenothiazine molecufewhich does have
ring C—C stretch and €H modes. We can use a moderate 343- and'™N-substituted isotopic experimental data availaBle,

amount of scaling (0.973 for the ring—€ stretch and €H

we are reasonably confident in the preliminary vibrational

stretch modes, and the scaled values are shown in parenthesedSsignments presented for promazine in Table 5.
in Tables 5 and 6) to noticeably improve the agreement between Figure 2B shows a time-resolved resonance Raman spectrum

the experiment and DFT-computed values.
The DFT/B3LYP calculations indicate the ring-C stretch
modes are at 1619 and 1641 thnand the experimental Raman

of the radical cation of promazine. Table 6 presents a compari-
son of the UHF- and DFT/B3LYP-calculated vibrational
frequency with the experimental resonance Raman band fre-

bands at 1576 and 1596 cfncan be easily assigned to these quencies for the promazine radical cation shown in Figure 1B.
two modes, which is similar to our previous assignments for The DFT/B3LYP-calculated vibrational frequencies generally
the phenothiazine molecul® The experimental bands at 1447 display reasonable agreement with the experimental Raman band
and 1460 cm?! are assigned to the DFT-calculated 1433¢m  frequencies for the promazine radical cation in Table 6. The
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TABLE 5: Vibrational Frequencies of the Neutral Promazine Molecule Calculated Using HF and DFT/B3LYP Methods with a
6-31G* Basis Set; Calculated Frequencies Compared to Experimental Values Where Available

calcd calcd 3S subst N0 subst 15N subst
approximate description RHF DFTP expe DFT DFT DFT
central ring def 59 58
(out-of-plane butterfly like mode)
central ring boat def 76 84
ring def (out of plane) 105 107 112w
central ring boat def 170 175 170s 11 1 1
N10CCC torsion 225 233
ring def (out of plane) 237 241 242 w
CSC wag 272 283 1.8 1.5
ring def (out of plane) 330 340 341vs
ring def (out of plane) 335 379
CN30C wag 375 401 415w 1 5.2
CN;gC wag 384 392 7.7
CSC bend 433 451 438 m 24 17
Ring def (out of plane) 469 488 492 vw
central ring def 508 518 538 m 2.3 2.8
CN;¢C bend+ CCC bend 614 634 3
CN;¢C bend 634 658 673vs ? 5
CCC bend 672 693 673vs ?
ring def (in the plane) 689 712 1 1.9
CHzrock 713 739 731m
C—H bend (out of plane) 749 754
C—H bend (out of plane) 763 779
C—H bend (out of plane) 77 784 795 vw
N10C15Cis wag 805 838 834 vw 2.4
C15Cy6 stretch+ CH, rock 847 886 870 vw 7
CH, rock + CH, twist 877 909 907 vw
C—H bend (out of plane) 908 961
C—H bend (out of plane) 998 1006 974 vw
C—Nagstretch 1026 1062 1038vs ? 6.2
ring breathing 1030 1074 1038 vs ? 1.8
C—H bend 1057 1083 1084 vw
CSC sym stretch 1092 1127 1107 s 1 5
CHsz wag 1102 1139 1131 vw
C—H bend 1126 1175 1165 m
C—H bend 1140 1189 1.4
CH; twist 1171 1208 4.4
C—H bend 1216 1233
CH;, twist 1221 1260 1252s7? 6
CNjoC sym stretch 1244 1283 1252s? 9
CH, twist + C—H bend 1256 1301 1298 s
CH; twist + C—H bend 1293 1330
CH; twist 1310 1348 1341 vw
CH; twist 1347 1386 1385 vw
CN;¢C asym stretch 1367 1412 12
CH, wag 1384 1422
CH,;wag 1394 1433 1447 m
CHs sym. def 1436 1484 1460 m
C—H bend 1449 1497
CHs sym stretch 1459 1507
CHs bend 1473 1526
CHjs bend+ CH; bend 1480 1535
CH; bend 1492 1549
CH, bend 1501 1566
ring CC stretch 1576 1619 (1575) 1574 vs
ring CC stretch 1593 1634 (1590)
ring CC stretch 1602 1660 (1615) 1596 s
CHjs sym stretch 2780 2931 (2852)
CH, sym stretch 2790 2946 (2866)
CH, asym stretch 2872 3066 (2983)
CH, sym stretch 2881 3074 (2991)
CHs asym stretch 2895 3092 (3008)
CH; asym stretch 2917 3108 (3024)
CH, asym stretch 2934 3129 (3044)
C—H asym stretch 3000 3197 (3110)
C—H asym stretch 3012 3207 (3120)
C—H sym stretch 3030 3228 (3141)
C—H stretch 3084 3267 (3179)

aThis work. Experiment intensity description: s very strong; s= strong; m= medium; w= weak; vw = very weak.”? DFT calculated
values in parentheses are ring-C stretch and €H stretch frequencies scaled by 0.973 (see text).

experimental Raman bands1590 cnt! are assigned to the ring  bands at 1342 and 1293 cfare assigned to the GHwist
C—C stretch modes (DFT-calculated 1634 and 1616%¢nThe and CNgC asymmetric stretch modes (DFT-calculated 1338 and
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TABLE 6: Vibrational Frequencies of the Radical Cation of Promazine Calculated Using HF and DFT/B3LYP Methods with a
6-31G* Basis Set; Calculated Frequencies Compared to Experimental Values Where Available

approximate calcd calcd 343 subst 15N subst 15N subst
description RHF DFTP? expe DFT DFT DFT
central ring def 61 60
(out-of-plane butterfly like mode)
ring def (out of plane) 83 91
ring def (out of plane) 99 110
central ring boat def 160 178
ring def (out of plane) 215 233
central ring boat def 263 277 263 m
ring def (out of plane) 328 348 352w
CN;¢C wag 406 412 416 w 4.2
CSC bend 436 464 477 s 7.3
N10,CC wag 454 489 505 m
CCC bend 591 628
CN;¢C bend 633 658 665 vs ? 10
ring def 640 687 665 vs ? 7 9 9
C—H bend (out of plane) 713 750
C—H bend (out of plane) 736 784 771s
+ C15—N10 stretch
C—H bend (out of plane) 745 796
C—H bend (out of plane) 759 805
CH; rock 811 842
C—H bend (out of plane) 844 896
CH; rock 854 912
C—H bend (out of plane) 870 924
C—H bend (out of plane) 949 994
+ C16—Cy7 stretch
ring def+ Ci5—N1o 961 1042 1046 vs ?
CNi5C sym stretch 1017 1050 1046 vs ? 10
ring breathing 976 1063
C—H bend 1035 1091
CH, rock + CHg twist 1043 1113
CSC sym stretch 1062 1121 1115vs 2 1
C—H bend 1084 1176
CHs wag 1099 1132
C—H bend 1117 1176 1162 m
C—H bend+ CH, twist 1130 1201
C—H bend 1168 1211
C—H bend 1179 1233
CH twist 1195 1252 1242 s?
CN;¢C sym stretch 1161 1263 1242s? 1 6 1
CNi5C asym stretch 1277 1299 1293 s 8.4
CH; twist 1264 1338 1342s
C—H bend 1233 1354
CNioC asym stretch 1321 1395 8 1
CH, wag 1337 1383
CH,wag 1369 1411
CH;wag 1389 1428
C—H bend 1412 1490 1477 s
C—H bend 1421 1501
CHs; sym def 1438 1508
C—H bend 1456 1513
CHjs bend 1473 1527
CHjz bend+ CH; bend 1481 1546
CH; bend 1486 1589
ring CC stretch 1494 1616 (1572)
ring CC stretch 1543 1634 (1589) 1590 vs
CHs sym stretch 2816 2979 (2898)
CH, sym stretch 2831 2991 (2910)
CH, sym stretch 2883 3069 (2986)
CH, asym stretch 2891 3083 (2999)
CHs asym stretch 2904 3101 (3017)
CH; asym stretch 2925 3112 (3027)
CHs asym stretch 2941 3141 (3056)
CH, asym stretch 2963 3170 (3084)
C—H asym stretch 3023 3222 (3135)
C—H asym stretch 3030 3232 (3145)
C—H sym stretch 3055 3249 (3161)
C—H stretch 3092 3286 (3197)

aThis work.? DFT calculated values in parentheses are ringQCstretch and €H stretch frequencies scaled by 0.973 (see text).

1299 cn1?, respectively). The 1242 crh experimental Raman
band is assigned to the-N;p—C symmetric stretch mode

(DFT-calculated frequency of 1263 cA) or the CH twist mode
(DFT mode at 1252 cr¥). The experimental 1115 crh band
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cale.117 (112) cale.175 (170) calle 438 (492) calc 518 (538) cale.838 (834)
calc.241 (242) calc.340 (341) calc.658 (673) cle.693 (673) cale.909 (907)
calc.401 (415) calc.451 (438) cale.739 (731) calc.784 (795) cale. 1074 (1038)
calc.886 (870) calc.1127 (1107) cale.1139 1131) calc.1348 (1341) calc.1386 (1341)

cale.1006 (974) cale.1175 (1165) cale.1260 (1252) calc.1433 (1447) calc.1484 (1460)

R

calc.1283 (1252 lc.1301 (1298
calc.1084 (1084) 1252) cale-1301 (1298) cale.1619 (1574) calc. 1660 (1596)

B PR R

Figure 3. Diagrams are shown for the 30 observed Raman band normal mode vibrational motions in terms of internal coordinates (arrows) for the
neutral promazine molecule. Each diagram is labeled with the DFT calculated vibrational frequency and its experimental vaidedinlisted
in Table 5.
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calc.687 (665) cale.784 (771)
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calc. 1121 (1115) calel176 (1162)
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Calc. 1263 (1242) cale. 1299 (1293)
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Calc.1338 (1342) calc.1412 (1477)

&

calc. 1634 (1590)
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Figure 4. Diagrams are shown for 17 observed Raman band normal mode vibrational motions in terms of internal coordinates (arrows) for the
radical cation of promazine. Each diagram is labeled with the DFT calculated vibrational frequency and its experimental valug &s lsted

in Table 6.

is assigned to the €S5—C symmetric stretch mode (DFT-
calculated frequency of 1121 c). The 1046 cm! Raman
band is tentatively assigned to the 8 symmetric stretch or
ring def+ Cy5—Njg stretch modes (DFT-calculated 1050 and
1042 cn1l, respectively). Similarly, the 665 crhRaman band

is tentatively assigned to the ring def or the g8l bend modes
(DFT-calculated 687 and 658 crh respectively). The experi-
mental 771, 505, 477, and 416 chbands are assigned to the
C—H bend (out of plane)+ C;5N1o stretch, NoCC wag, CSC
bend, and CIC wag vibrational modes (DFT-calculated at 784,
489, 464, and 412 cm respectively). The lower frequency
Raman bands at 263 and 352 chare assigned to the central
ring boat deformation and ring deformation (out of plane)
vibrational modes (DFT-calculated at 277 and 348-&m

molecules and their radical cations. The vibrational frequencies
of the CSC bend and CSC symmetric stretch modes increase
from 438 and 1105 cmi in the neutral promazine molecule to
477 cnrt (2 +38 cnT?t shift) and 1115 cm? (a 8 cn1? shift)

in its radical cation. This suggests that the dihedral angle of
the radical cation along the-N axis becomes greater than that
of the parent neutral molecule. This is consistent with the results
of both HF and DFT calculations and EPR experiments for
promazine and X-ray experiments for chlorpromazine (see
Tables 1 and 2). Photoelectron spectra results also suggest that
the dihedral angle change upon formation of the radical cation
produces better-orbital overlap between the-N atoms as

well as the ring C and S atoms to give larger aromatic resonance
stabilization of the radical cation structure that affects theCC

respectively). Figure 4 shows the DFT-calculated internal and C-N bonds electron density compared to the two phenyl
coordinate contributions to each of the normal modes tentatively rings. Inspection of Tables 5 and 6 shows that the phenyl ring
assigned to the experimentally observed Raman bands for theCC stretch, ring breathing, and-&1 bending modes do not

promazine radical cation.

change much in going from the neutral promazine molecule to

Figure 5 displays a simple diagram of the promazine and the radical cation. The experimental CNC symmetric stretch
phenothiazine which can be referred to when we compare thesemode in phenothiazidgincreases from 1243 crhin the neutral
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(a)

\’_“
(b)

Figure 5. Diagram of the geometries of phenothiazine and promazine.

molecule to 1267 cmt in the radical cation (a-24 cnt?® shift). v
However, the corresponding GC symmetric stretch mode in LUMO
promazine decreases in frequency from 1252 tr(DFT
frequency of 1283 cmt) in the neutral molecule to 1242 cth Figure 6. DFT calculated HOMO and LUMO electron density for
(DFT frequency of 1263 cni) in the radical cation (a-10 the radical cation of promazine. The contour numbet@05.
cm~1 experiment shift o-20 cnm? calculated shift). In contrast,
the CNC bend mode remains similar in the neutral promazine A). As the two ring GNio (—0.007 A) and @Nio (—0.009 A)
and the radical cation (experiment 673 ¢hin promazine to  bonds become shorter and stronger, theoh; (+0.030 A) bond
665 cntlin the radical cation or DFT-calculated 658 chin becomes noticeably longer and weaker and there is some
both promazine and the radical cation). The lack of frequency alternation of bond length changes in the side chain group
upshifts for the ChNeC mode upon oxidation for promazine reminiscent of conjugation of the side chain with the increased
suggests that the promazine radical cation still contains somearomaticity of the center ring containing thedvnd S atoms.
fold angle and a nonplanar structure, in contrast to the This suggests that the-(CH;)sN(CHs). side chain interacts
phenothiazine radical cation which is plaA&This is consistent  electronically (probably with a combination of conjugation and
with the DFT-calculated dihedral angle of F7#he calculated inductive through-bond effects) with the center ring containing
o(N)/o(Hs) ratio and experimental EPR specttd? It is the Nipand S atoms upon oxidation of the promazine molecule.
interesting to note that the side chain 8 asymmetric stretch ~ This may also help explain why the promazine radical cation
mode and the CNC symmetric stretch modes appear to have contains a much larger spin density on the N atoms relative to
significant intensity in the radical cation resonance Raman the S atom compared to the phenothiazine radical cation (see
spectra (Figure 2B), and this suggests that the side chain grouplable 4).
perturbs the ring structure near theyldtom and likely accounts We have calculated the electron density for the HOMO and
for the frequency downshifts of the GKC modes upon LUMO of the promazine radical cation using both UHF and
oxidation in promazine. Our Raman data and DFT calculations DFT methods. The calculated LUMO is the same for both the
are consistent with the side chain group of promazine affecting UHF and DFT calculations. However, the HOMO calculated
the ring structure so that the promazine radical cation is for the DFT/B3LYP method corresponds to the second highest
significantly nonplanar in structure in contrast to the phenothi- occupied molecular orbital (HOMO-1) calculated for the UHF
azine radical cation that is planar in structure. method. This energy change is mainly due to the different level
There is a very interesting pattern in theNgo, CsN1o, N1¢Cis, of theory used in the calculations. The hybrid HF/DFT (B3LYP)
C15C16 C16C17, C17N1g, N1gCig, and NgCig bond length changes  calculations consider the effect of electron correlation, but this
upon oxidation of the promazine molecule to form the radical is neglected in the HF method. Thus, the DFT methods tend to
cation. Inspection of Tables 1 and 2 shows that these bondgive a smaller HOMG-LUMO energy gag! Since the DFT/
lengths change as follows: 58 (—0.007 A), GN1o (—0.009 B3LYP calculation includes electron correlation effects and is
A), N1oCis (+0.030 A), GsCi6 (—0.001 A), GeCi7 (+0.006 expected to be more accurate, we show these HOMO and
A), C17N1g(—0.001 A), NgCig (+0.008 A), and NeCio (+0.009 LUMO electron densities in Figure 6 with a contour number of
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0.025. Inspection of Figure 6 shows that the HOMO is localized
not only on S but_also on N an_d Gs, ano! this is co_nsistent_ S00.1077.09 6506, 6514

with the side chgun of promazine affectmg the spin den§|ty 1) L’E)peyz Rupeez, F.: Conesa, J. C.: Soria, J.; Apreda, M. C.: Cano,
pattern and having preferences for particular conformations g H.: Foces-Foces, Q. Phys. Chem1985 89, 1178-1182.

along the G-N bond. Inspection of the HOMO and LUMO in (12) Rodgers, J. R.; Horn, A. S.; Kennard,JOPharm. Pharacol1976
Figure 6 suggests that there are large changes along the sid&8. ng—GZM; . smith 6. A MeG WM Koch e
chain as well as the central ring. This is consistent with the Re((im)()nd?ng{a\)VJ..’Amn?“tCHen’.]. S.’(JG.9C95ITE$,€{’087.:E168708? evar, 1. =5
resonance Rar_nar_1_spectrum of the rad|_cal cation of promazine 14y merville, M. P.; Pitte, J.; Lopez, M. Decuyper, J.. Van de Vorst,
which has a significant amount of the intensity appearing in A. Photochem. Photobioll984 39, 57.

the CNoC bend and/or ring def (665 crf), CSC bend (477 (15) Nath, S.; Pal, H.; Palit, D. K.; Sapre, A. V.; Mittal, J. R.Phys.
cm 1), C—H bend+ CisNig stretch (771 cmb), ring def + Chem. A1998 102, 5822-5830.

Gy Stech anclor CHC Sy Stetch (1046 cnf), CSC 19 Msbowel L3 Hacie Cotlogristo gz s 1o,
sym stretch (1115 cri), CNyoC sym stretch and/or CHwist 978 3 1110 o A

Perkin Trans.1978 2, 1103-1110.
(1242 cmY), and CNgC asym. stretch (1293 cr¥) modes (18) Pan, D.-H.; Phillips, D. LJ. Phys. Chem. A999 103 4737
associated with the side chain and central ring.

(9) Gooley, C. M.; Keyzer, H.; Setchel, Rature1969 223 80—-83.
(10) Domelsmith, N. L.; Munchausen, L. L.; Houk, K. BL.Am. Chem.

4743
(19) Hester, R.; Williams, K. P. J. Chem. Soc., Perkin 1981, 852—
858.
(20) Sarata, G. L.; Noda, Y.; Sakai, M.; Takahashi, HMal. Struct.
We have reported a resonance Raman spectrum of the radical997 413-414,49-59. o
cation of promazine. Ab initio calculations were done for the 29((12:21_82hé)ute, L. C.T. Pan, D.-H.; Philiips, D. Chem. Phys. LetL998
ground electronic states of the neutral promazine molecule and Pan, D.-H.: Shoute, L. C. T.; Phillips, D. Chem. Phys. LetL998
its radical cation in order to elucidate the structures, hyperfine 292 677-685.
coupling constants (hfcc’s), spin densities, and vibrational  (23) Pan, D.-H.; Shoute, L. C. T.; Phillips, D. Chem. Phys. Letf.999
frequencies. We have made tentative assignments for all of the303 629-635.

: 24) (a) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gil, P. M. W.;
observed Raman bands for the neutral promazine molecule andy, (22, (BLFrsch, M. J. Ticks, & W., Schiegel, H. B.; Gil, .M. W.:

its radical cation. We also calculated the vibrational frequency G.A.; Montgomery, J. A.;; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
shifts associated with several isotopic derivatives of the neutral \'\1 G.; %Ztlzv JA V-C:hFﬂresmakl)n, JM B's; CIO%OV\\;sk'I& J.l; SFt;af\E}no(\:/h B. \I?\};
H : H H H _Nanayakkara, A.; allacombpe, M.; Peng, C. Y.] Ayala, P. Y.] en, .
e}nd raphcal catlpn of promazine. These can be uged in conjunc Wong, M. W.: Andres, J. L.. Replogle, E. S.. Gomperts, R.. Martin, R. L.
tion with experimental data when they are available to help Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
improve the vibrational band assignments. The DFT-calculated Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94revision A.1; Gaussian
i indi Inc.: Pittsburgh, PA, 1995. (b) Frisch, M. J.; Trucks, G. W.; Schlegel, H.
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mQ eule (W't adinedral angie o yland its radical cation Montgomery, J. A.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam,
(with a dihedral angle of 172.2Bare both nonplanar, and the  J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
calculated results display reasonable agreement with X-rayBarone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;

crystal data where available. The DFT-calculated hfcc’s for the ,\Cﬂlgfrfglr(ﬂ’mi';K?,fﬂh;ie"rcskk'b.‘]g_.';earéircslfr}\’. g’ g‘%@ﬂgﬁaﬁ' K\.('.;F(gggmgﬁ;

radical cations of phenothiazine and promazine are in good J. B.; Cioslowski, J.; Orvitz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A ;
agreement with experimental values derived from ESR experi- Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Kieth,

_ ; e indi i T.; Al-laham, M.-A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.;
ments. The DFT-calculated spin densities indicate that the radi Challacombe, M.; Gill, P. M. W.; Johnson, B. G.: Chen, W.; Wong, M.

cal cation of promazine has sigr_1ificantly more spin density ON . Andres, J. L.; Head-Gordon, M.; Perlogle, E. S.; Pople, J3aussian
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DFT-calculated HOMO and LUMO electron densities indicate (26) NMODES is a program that directly takes the Gaussian 94 or G98W

. . . . . output file and determines the normal modes and potential energy
significant changes in both the central ring and the side chain gisgributions in internal coordinates. The program was developed by P.

upon excitation, and this appears consistent with the intensitiesMohandas and, S. Umapathy, Indian Institute of Science, Bangalore, India,
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